The thyroid-stimulating hormone receptor (TSHR) is a G protein-linked, 7-transmembrane domain (7-TMD) receptor that undergoes complex posttranslational processing unique to this glycoprotein receptor family. Due to its complex structure, TSHR appears to have unstable molecular integrity and a propensity toward over-or underactivity on the basis of point genetic mutations or antibody-induced structural changes. Hence, both germline and somatic mutations, commonly located in the transmembrane regions, may induce constitutive activation of the receptor, resulting in congenital hyperthyroidism or the development of actively secreting thyroid nodules. Similarly, mutations leading to structural alterations may induce constitutive inactivation and congenital hypothyroidism. The TSHR is also a primary antigen in autoimmune thyroid disease, and some TSHR antibodies may activate the receptor, while others inhibit its activation or have no influence on signal transduction at all, depending on how they influence the integrity of the structure. Clinical assays for such antibodies have improved significantly and are a useful addition to the investigative armamentarium. Furthermore, the relative instability of the receptor can result in shedding of the TSHR ectodomain, providing a source of antigen and activating the autoimmune response. However, it may also provide decoys for TSHR antibodies, thus influencing their biological action and clinical effects. This review discusses the role of the TSHR in the physiological and pathological stimulation of the thyroid.
The master switch in the regulation of the thyroid gland, including its growth and differentiation, is the thyroid-stimulating hormone (TSH) receptor (TSHR). The TSHR is a 7-transmembrane domain (7-TDM) G protein-coupled receptor anchored to the surface of the plasma membrane of thyrocytes and a variety of other cell types (1) . In addition, the TSHR has been implicated in a range of thyroid diseases (Table 1) . For example, certain TSHR mutations cause constitutive overactivity of thyroid cells, leading to active nodule formation or rare cases of congenital hyperthyroidism. In contrast, other TSHR mutations have resulted in receptor inactivation or rare cases of congenital hypothyroidism (2) . The TSHR is also a major autoantigen in autoimmune thyroid disease (AITD). In particular, the TSHR is the target of the immune response in patients with Graves disease, who exhibit unique TSHR-stimulating antibodies (1, 3) . This review, therefore, encompasses those diseases involving TSHR structural variants and in which TSHR is a major antigenic target.
An overview of the TSHR TSHR structure. Prior to successful cloning, the subunit structure of the TSHR had been deduced by affinity labeling of thyrocyte membranes using radiolabeled and photoactivated TSH (4) . The cloning of the canine TSHR in 1989 resulted from cross-hybridization procedures with a luteinizing hormone (LH; also known as lutropin) receptor probe (5) and was soon followed by the cloning of the human gene (6) (7) (8) . The deduced protein structure established its membership in the family of G protein-coupled receptors having sequence similarity with the adrenergic-rhodopsin receptors (Figure 1 ). The TSHR gene on chromosome 14q3 (9) codes for a 764-aa protein, which comprises a signal peptide of 21 aa; a large, glycosylated ectodomain of 394 residues encoded by 9 exons; and 349 residues encoded by the tenth and largest exon, which constitute the 7 TMDs and cytoplasmic tail. The sequence also revealed 2 nonhomologous segments within the TSHR ectodomain (residues 38-45 and 316-366) not found in otherwise closely related glycoprotein hormone receptors such as those for LH and follicle-stimulating hormone (FSH; also known as follitropin) (3) . The initial TSH cross-linking studies described above indicated that the mature TSHR contained 2 subunits (4) , and the subsequent molecular cloning of the TSHR indicated that both subunits were encoded by a single gene, which indicated that intramolecular cleavage must have occurred (4, 10, 11), something not observed with the LH and FSH receptors. One TSHR subunit consists of a large extracellular domain (or ectodomain; mostly the α, or A, subunit), and the second contains the short membrane-anchored and intracellular portion of the receptor (the β, or B, subunit) ( Figure 1) .
The TSH-binding pocket on the TSHR. Expression on the plasma membrane of the TSHR ectodomain with a short lipid tail is sufficient for high-affinity binding of TSH (12) (13) (14) . Hence, the TSHR ectodomain, consisting mainly of 9 leucine-rich repeats (LRRs) and an N-terminal tail, encoded by exons 2-8, forms the binding domain for TSH. The 7 TMDs are joined intracellularly by connecting loops that interact with G proteins when the receptor is activated (15) , whereas the exoplasmic loops, outside the cell, have ancillary roles in receptor structure and activation (16) . Investigation of the 2 nonhomologous segments within the ectodomain showed that deletion of residues 38-45 abrogated TSH binding (17) , whereas deletion of residues 316-366 did not (17, 18) , and the TSHR-transfected cells were still capable of TSH-mediated signaling. A detailed mutational analysis of residues 38-45 showed that Cys41 was the critical residue required for TSHR expression (19, 20) , and data also indicated that Cys41 interaction with other neighboring Cys residues in the TSHR ectodomain, via disulfide bonds, was essential for high-affinity TSH binding (20) . Hence, cysteine bonding helped restrain the structure critical for TSH ligand binding (17) . In order to better define the TSH-binding sites on the TSHR, mutagenesis of functional TSHRs was undertaken together with the use of synthetic peptides. Such studies showed that there were multiple TSH-binding sites in the region of the LRRs of the TSHR, which is consistent with the existence of a conformational binding site (21, 22) . Another approach employed a panel of epitope-mapped TSHR antibodies to block labeled TSH binding to the native TSHR. This approach defined TSH binding based on TSHR sequences recognized by the antibodies and suggested 3 distinct TSH binding regions in the TSHR: aa 246-260, 277-296, and 381-385 (23, 24) . These regions may fold together to form a complex TSH-binding pocket ( Figure 2) . TSHR cleavage and shedding. A unique posttranslational proteolytic event clips the TSHR into 2 subunits (3, 4) as indicated in Figure 1 . Intramolecular cleavage results in removal of the unique, intervening, approximately 50-aa polypeptide segment in the ectodomain (aa 316-366) (10, 25) . This cleavage step may involve an uncharacterized MMP-like enzyme acting at the cell surface (26, 27) . Following cleavage, the α and β subunits are disulfide-bonded by cysteine residues flanking the now-absent cleaved 50-aa region, a structure compatible with molecular modeling of the TSHR (28) . Subsequently these α-β disulfide links are broken, by protein disulfide isomerase (29) and possibly by progression of β subunit degradation toward the membrane (30) , which leads to shedding of the α subunit from the membrane-bound receptor. This explains the high ratio of TSHR β to TSHR α subunits (up to 3:1) found in normal thyroid membrane preparations (10, 11) . However, TSHR signal transduction is not dependent on ectodomain cleavage, as has been demonstrated with a noncleavable construct (18) .
TSHR multimerization. Recent studies have documented the propensity of G protein-coupled receptors to form homo- and heterodimeric forms, and these forms may have functional roles in protein trafficking (31) , internalization (32), receptor stability (33) , and signaling (34) . We have found that the TSHR also forms oligomers in both TSHR-transfected cells and native thyrocytes (35) . While unstimulated TSHRs were found in multimeric forms (36) , this multimeric state was reversed by TSH (37) . We still do not understand the physiologic consequences of TSHR multimerization, intramolecular cleavage, and subunit shedding. These fascinating processes most likely have a major effect on thyroid cell function and the interface between the TSHR and the immune repertoire, and they may play a role in the susceptibility of the thyroid to immune attack.
The open and closed TSHR hypothesis. Unlike other glycoprotein receptors, the TSHR is constitutively active and susceptible to enhanced constitutive activation by mutation, deletions, and even mild trypsin digestion (38, 39) . Studies using mutational analyses have suggested that the putative electrostatic interactions between the ectodomain and the extracellular loops of the TMDs in the TSHR may be critical for the maintenance of a 
Figure 1
TSHR structure. This computer model of the TSHR shows the 7 TMDs (spirals) embedded within the plasma membrane and a short cytoplasmic tail, which together make up the β/B subunit. The unique 50-aa-long cleaved region (about 316-366 aa) is shown in gray. Forming a long array, the 9 LRRs, each consisting of 20-24 aa, are depicted as spirals (α helices and β pleated sheets) on the ectodomain of the receptor and make up the major portion of the α/A subunit. The LRRs have a characteristic horseshoe shape with a concave inner surface. C, C-terminus; N, N-terminus. Figure adapted with permission from Thyroid (28).
relatively inactive "closed" state (16) . When these constraints are absent or removed, for example by a mutation or ligand binding, an "open" conformation ensues. This 2-state model predicts that the open format of the receptor, when stabilized, would lead to full activation. Further support for this was provided by the finding that constitutive activation developed when the TSHR ectodomain was truncated, which suggested that the presence of the ectodomain dampened a constitutively active β subunit (40, 41) . Additionally, a recent TSHR computer modeling and docking study (28) has shown that several mutations in the TMD that are associated with increased TSHR basal activity are caused by the formation of new interactions that stabilize the open, activated form of the receptor. Therefore, the TSHR must maintain an equilibrium between the inactive (closed) and active (opened) formats at any given time, and any factor (such as a mutation, high-affinity ligand binding, or high-affinity antibody binding) may shift this equilibrium from a quiescent structure (closed) to an active (opened) format. TSHR and lipid rafts. Lipid rafts are sphingolipid- and cholesterol-rich membrane microdomains on the plasma membrane. The association of sphingolipids with cholesterol condenses the packing of the sphingolipids, leading to an enhanced mobility within the membrane (42, 43) . Lipid rafts have been associated with signal transduction within cells because they sequester signaling proteins. Our observation of the dissociation of TSHR multimers following TSH binding, as discussed above, suggested that these dissociated TSHRs may move more easily into lipid rafts to facilitate signaling (1) . Using labeled cholera toxin, which binds to lipid rafts enriched in G M1 gangliosides, we showed that the TSHRs that were localized to lipid rafts in fact moved out with TSH activation (44) . Other researchers, using classical differential lipid extraction methodology, were unable to detect either stimulated TSHRs or their main G s α (called gsp; G-stimulatory protein) signaling partner, within caveolin-restricted lipid rafts (45) . These data suggest that the size of monomeric and multimeric receptors may determine their movement in and out of such domains. This, in turn, may influence signal transduction both by TSH and TSHR-stimulating antibodies.
Role of the TSHR in thyroid development. The mouse thyroid gland begins to develop at E8.5 as an endodermal thickening in the floor of the primitive pharynx (46) . Thyroid precursor cells express a combination of transcription factors (Figure 3 ), and by E14, TSHR mRNA appears and the molecular and morphological differentiation of the thyroid gland occurs (47) . At E17, the formation of thyroglobulin (Tg; a colloidal protein stored in the lumen of thyroid follicles and the substrate for synthesis of thyroid hormones by iodination) then begins (48) . Since the activation of the TSH/TSHR signaling pathway is concurrent with the expression of genes needed for thyroid hormone synthesis and secretion, the TSHR must play an important role in the growth of the thyroid gland (49, 50) . This has been confirmed by studies in TSHR-defective mice. In several mutant mouse lines derived to possess a nonfunctional TSHR (e.g., Tshr hyt Tshr hyt ) (51), the thyroid gland developed to a much smaller size than normal at 2 months of age in the absence of a functional TSHR. Furthermore, the expression levels of thyroid peroxidase (TPO; the enzyme responsible for Tg iodination) and the sodium iodine symporter (NIS; which transports iodine into the thyroid cell) were greatly reduced. Conversely, no significant changes were detected in the amounts of Tg and transcription factors such as paired box gene 8 (PAX8) and thyroid transcription factors 1 and 2 (TTF1 and TTF2). Separately, in a TSHR-KO mouse model, developed by homologous recombination (52), we found that the thyroid glands were smaller than those of control littermates. Histology of these thyroid glands showed that the TSHR-KO thyroid had fewer follicles and more non-follicle-associated interstitial cells within the gland compared with wild-type thyroids. In humans, fetal thyroid gland formation occurs during weeks 7-9 of gestation, and thyroid embryogenesis is largely complete by 12 weeks of gestation ( Figure 3 ). At 12 weeks, the fetal thyroid is capable of concentrating iodide and synthesizing thyroid hormones, which lessens the dependence on maternal thyroid hormone in the second trimester. Fetal TSH is first detectable at 10 weeks of gestation by bioassay and radioimmunoassay (53) . The level of serum TSH at this time is low until a structurally matured thyroid gland is developed at approximately week 18 (53) .
Extrathyroidal TSHRs. TSHR expression is not unique to thyroid tissue, as originally thought. TSHR mRNA and protein have been detected in a variety of extrathyroidal cell types (1) ( Table 2 ). For example, recent studies using TSHR antibodies have demonstrated the presence of TSHR-specific immunoreactivity in fibroblasts and adipose tissue from the retro-orbital and pretibial space of patients with Graves ophthalmopathy and pretibial myxedema (54, 55) . TSHR signal transduction and its consequences in nonthyroidal cells have been poorly investigated to date but appear to modulate a variety of cellular processes. For example, TSH ligand has been implicated in the induction of lipolysis (56) and in the modulation of osteoclast activity (57) , and clearly such widespread expression of the TSHR must impact self tolerance to such an important antigen and the immune repertoire.
Genetic alterations in the TSHR
Germline mutations. The apparent instability of the TSHR means that point mutations could be expected to result in changes in TSHR function either due to a change in its constitutive signaling ability or, as with any such glycoprotein, secondary to a change in receptor expression. With inactivating mutations, there may be only a partial reduction in TSH function causing partial TSH resistance, and inappropriately increased serum TSH levels, or a more marked loss of TSHR function, resulting in congenital hypothyroidism. The syndromes of TSH resistance, therefore, are heterogeneous in phenotype, genotype, and mode of inheritance.
Compensated partial TSH resistance. Resistance to TSH is assessed by measuring serum TSH levels (58) . Partial TSH resistance is defined as the maintenance of adequate thyroid function resulting in mild (6-15 mU/l) to moderate (20-50 mU/l) elevations in serum TSH associated with normal free thyroid hormone concentrations. In patients suffering from this type of resistance, thyroid volume may be normal, or there may be a modest degree of hypoplasia. While inactivating mutations of the TSHR may be inherited from one or both parents, partial TSH resistance is most commonly inherited from one parent. In cases where there are defects inherited from both parents, the TSH resistance more often becomes more severe. For example, a compound heterozygote (with a P162A mutation on the maternal allele and a C600R mutation on the paternal allele) exhibited a high TSH level, while in cases where only 1 allele was mutated, the TSH levels were lower (59) . Figure 4 shows some of the reported mutations resulting in compensated partial TSH resistance. Such mutant TSHR sequences have also been studied using transient expression systems. Their constitutive TSH-independent cAMP activities were markedly reduced compared with those of wild-type TSHRs, and inadequate increases in cAMP generation were seen following TSH stimulation (60) . In addition, flow cytometry experiments on the transfected cells showed reduced expression of some mutant TSHRs at the cell membrane. Hence, there is a variety of loss-of-function mutations of the TSHR gene resulting in inappropriately elevated TSH levels in patients. Such patients often have normal thyroid hormone levels, so their condition thus meets the definition of mild thyroid failure (58) . However, serum thyroid autoantibodies are usually not detected in these patients.
Congenital hypothyroidism. Mutations in a variety of genes, particularly those involved in thyroid ontogeny, cause thyroid dysgenesis and congenital hypothyroidism at a rate of 1 in 4,000 births. Thyroid dysgenesis can take the form of complete, ectopic, or hypoplastic thyroid development, or the hypothyroidism may be secondary to dyshormonogenesis. Genes known to be involved in this disorder in humans, in addition to TSHR, include TTF1 and TTF2, PAX8, NIS, TPO, and Tg (Figure 3) . The sonic hedgehog gene has also been implicated in congenital hypothyroidism in mice (46, 61, 62) . Large elevations in TSH levels, along with decreased thyroid hormone levels, are generally found in babies with thyroid hypoplasia or agenesis along with low or absent serum Tg. Such children may have either homozygous or compound heterozygous mutations in their TSHR, which cause uncompensated TSH resistance (63, 64) ( Figure 4A ). For example, a substitution of threonine in place of a highly conserved alanine at position 553 in the fourth TMD was found to be homozygous in 2 congenitally hypothyroid siblings and heterozygous in both parents and 2 unaffected siblings, resulting in compensated partial TSH resistance in these individuals (60, 65) . Functional analysis of cells expressing transfected receptors with this mutation showed extremely low levels of TSHR expression at the surface of these cells compared with cells expressing wild-type receptors. However, not all TSH resistance is secondary to mutations in the TSHR itself (66) .
Figure 3
Schematic representation of the stages of development of the thyroid follicular cells and the expression of relevant genes. At mouse E8 (E20 in human), the median thyroid bud appears as a thickening in the floor of the pharynx and expresses a combination of transcription factors such as PAX8, the transcription factor essential for the thyrocyte promoter activation of TPO; Tg and NIS; and TTF1 and TTF2, responsible for morphogenesis of the thyroid gland and maintenance of the thyrocyte cell type. At about E13.5 in mouse and E50 in human, the thyroid diverticulum starts its migration from the pharyngeal floor and reaches its definitive pretracheal position. By E14 (E60 in human), the thyroid follicular cell (TFC) precursors express the TSHR. By E15.5, the thyroid follicular organization appears with the expression of a series of proteins that are essential for thyroid hormone biosynthesis, including TPO, Tg, and NIS. Figure modified with permission from Clinical Genetics (47) .
Congenital hyperthyroidism. Congenital hyperthyroidism is a rare disorder that until recently was considered almost exclusively to be a consequence of maternal Graves disease and transplacental passage of thyroid-stimulating TSHR antibodies (67) . However, sporadic cases and a few familial cases of nonautoimmune congenital hyperthyroidism have been reported in which the affected individuals possess activating mutations of the TSHR - often, but certainly not exclusively, in exon 10, which encodes the transmembrane region and intracellular tail (2, 68-70) ( Figure 4B ). The treatment of congenital hyperthyroidism in the absence of an autoimmune cause involves controlling thyroid function with antithyroid drugs and performing a total thyroidectomy when the child is older than 5 years of age.
Models of congenital hypothyroidism in the mouse. Two models of complete uncompensated TSH resistance with high TSH levels and low thyroid hormone levels have been developed in the mouse: the Tshr hyt Tshr hyt mouse and the TSHR-KO mouse. Defective thyroid ontogenesis and inherited primary hypothyroidism were first described in the Tshr hyt Tshr hyt mouse in 1981 (71) . These mice have thyroids with small and sparse follicles poorly endowed with cyto-plasm and typical of marked thyroid hypoplasia. The characteristic defect of the Tshr hyt Tshr hyt mouse is a mutation in the TSHR at aa residue 556, in which a proline is converted to a leucine in TMD IV (72) , which results in loss of TSH binding and loss of signal transduction (73) . This model also provided proof of the importance of the interaction between extracellular and transmembrane regions that appears to be necessary to facilitate TSH binding and signal transduction and that underlies the molecules' innate instability. Similarly, the TSHR-KO mouse also showed congenital hypothyroidism and thyroid hypoplasia (52) . However, relatively normal thyroid follicles may still be found in both of these animal models, which would indicate that the TSHR is not essential for follicle formation. In the TSHR-KO mouse, the endogenous TSHR promoter results in the expression of GFP (52). Therefore, we were able to use the expression of this reporter gene to confirm the widespread expression of the TSHR in extrathyroidal tissues (1) .
Somatic mutations of TSHR that lead to thyroid nodule formation. There appears to be an increased rate of mutagenesis in the stimulated thyroid gland as seen in rats that develop thyroid nodules following prolonged stimulation with TSH (74). The mechanism of this effect is unknown. Claims that the TSHR may be an oncogene have not been substantiated (75) . Common thyroid adenomas are usually well encapsulated benign neoplasms (called nodules or adenomata), which sometimes (approximately 5-10% of the time) may appear to take up excess amounts of radioiodine ("hot" nodules) but more commonly exhibit normal or decreased uptake and retention of radioiodine compared with normal tissue (called "cold" nodules or nontoxic adenomata) (76) .
Activating TSHR somatic mutations. Only somatic mutations with a positive effect on both growth and cell function would be expected to induce clonal expansion and thyroid nodule formation. Autonomous benign and malignant thyroid nodules have been shown to have a variety of point mutations leading to constitutive activation of the TSHR - often referred to as gain-of-function mutations and once again most commonly occurring in the TMDs (as summarized in Figure 4C ) (77, 78) . Additional tumors may have defects in G s α rather than the TSHR itself (76) . However, hyperthyroidism resulting from single or multiple adenomas (toxic multinodular goiters) is less common than hyperthyroidism resulting from Graves disease. Indeed, the degree of disparity in the prevalence of these entities may be dependent upon the iodine intake of the population at risk (76) . Hence, nodules with activating TSHR mutations are more likely to cause hyperthyroidism in the presence of normal or high iodine intake and may be clinically uncommon in geographic areas of iodine deficiency.
Inactivating TSHR somatic mutations. In contrast to toxic adenomas, inactivating mutations of the TSHR would reduce the uptake of radioiodine into the thyroid follicular cells and would be unlikely to cause nodule formation, since the mutation would fail to induce thyroid cell proliferation. Hence, inactivating somatic TSHR mutations are unusual in these tumors (76) . Thyroid cancers frequently exhibit reduced TSHR expression, which is presumably secondary to ongoing dedifferentiation, and this reduces expression of all thyroid-specific genes (76) .
Multinodular goiter. Examination of toxic multinodular goiters (Plummer disease) has revealed separate and distinct activating mutations in different hot nodules within the same thyroid gland. Hence, the autonomous nodules are polyclonal in origin. Activating mutations of the TSHR are present before the formation of an actual nodule (78, 79) and can be seen throughout the gland in toxic multinodular goiters, indicative of their role in true nodule formation.
G protein mutations. Although outside the scope of this review, the classic example of activating defects of the thyroid arising as a result of mutant G s α in sporadic cases of thyroid adenomas (76) . In these adenomas, somatic point mutations in, for example, Arg201 or Gln227, inhibited GTP hydrolysis and led to the development of autonomous hyperfunctioning nodules (75) .
"Specificity crossover" at the TSHR Promiscuity of the TSHR. Ligand specificity between TSH, FSH, LH,
and human chorionic gonadotropin (hCG) and their cognate receptors is determined by the conformation of the horseshoe structure in the LRRs of their receptor ectodomains, as discussed above (22, 28) . The N-terminal portion of the β subunit is additionally important for ligand binding, as indicated, for example, by loss of TSH binding after mutation of Y385 (80) or disruption of sulfation of Tyr385 and Tyr387 (81) . However, it has been known for many years that both LH and hCG can interact with the TSHR - a phenomenon termed specificity crossover (82, 83) - and can initiate second signal (84) . TSH, in contrast, has poor crossover with the gonadotropin receptors, once again suggestive of the innate instability of the TSHR itself and the ease with which it can be stimulated or blocked. Furthermore, we also showed that normal hCG was able to induce thyroid cell growth (85) as well as activate a recombinant TSHR expressed in mammalian cells (86) .
Gestational thyrotoxicosis. Some degree of increased thyroid stimulation is normal during early pregnancy and is associated with increasing concentrations of serum placental hCG, which peaks at 10-12 weeks (10-40 IU/ml) ( Figure 5 ) (87). In multiple pregnancies, serum hCG levels tend to be even higher, with greater potential impact on thyroid function. Thyroid enlargement, low TSH levels - a sensitive reflection of enhanced thyroid hormone levels - and sometimes a detectable increase in free thyroid hormone levels may all be seen transiently in apparently normal pregnancy (87) . This first-trimester phenomenon is often referred to as gestational thyrotoxicosis and is secondary to specificity crossover by hCG at the TSHR. As hCG levels fall, results of thyroid function tests return to normal. However, this degree of transient, mild thyroid overactivity does not require treatment.
Hyperemesis gravidarum. Excessive vomiting in early pregnancy is usually self-limited, but 30-50% of women with this disorder have increased thyroid function and may develop mild clinical thyrotoxicosis (82, 83) . Such cases are usually associated with high hCG levels, and hCG may show increased thyroid-stimulating activity due to posttranslational changes including reduced sialic acid content. However, not all women with severe hyperemesis have such high hCG levels. A missense mutation in the germline TSHR ectodomain has been reported to cause the TSHR to become supersensitive to hCG and accounts for the development of thyrotoxicosis (88) . This mutation resulted in a lysine being replaced with an arginine at position 183 in the fifth LRR. In fact, many mutations at position 183 increase the affinity of hCG for the TSHR (89), and these may occur more commonly in hyperemesis than previously thought (90) .
Hydatidiform mole, trophoblastic tumors, and choriocarcinoma. Enormous quantities of hCG may be secreted by hydatidiform moles, trophoblastic tumors, and choriocarcinoma tissue. When the level exceeds approximately 200 IU/ml, patients develop hyperthyroidism (82, 83) . Effective chemotherapy of the tumor returns the patient to euthyroidism. Molecular variants of hCG with increased thyrotropic potency have been described in patients with choriocarcinoma (91, 92) . In such patients, the hCG with increased thyroid-stimulating potency may have reduced sialic acid content or a truncated C-terminal tail, among other possibilities (93) .
TSHR autoimmunity
AITD. AITD traditionally includes autoimmune thyroiditis (Hashimoto disease) and autoimmune hyperthyroidism (Graves disease). Graves disease, in particular, is the result of a complex autoimmune response to the TSHR that results in the production of TSHR-specific T cells and TSHR autoantibodies, thought to be secondary to an interaction between susceptibility genes and environmental triggers.
Genetic susceptibility. The paradigm of a genetic contribution to TSHR autoimmunity is supported by abundant epidemiological and experimental data (for a review, see ref. 94 ). Graves disease has been known for many years to be familial (95) (96) (97) , and in a recent study, we have shown that the sibling risk ratio (referred to as 8s) in Graves disease was high, at 11.6 (98) . Furthermore, twin studies have shown a concordance rate for Graves disease in monozygotic twins of 20-35% compared with 2-7% in dizygotic twins (99, 100) . Several genes and genetic regions have been identified as being linked or associated with AITD (see Potential factors causing susceptibility to TSHR autoimmunity). However, evidence suggesting the association of polymorphisms in the most obvious candidate, the TSHR gene, with Graves disease has been surprisingly weak (101) . In contrast, HLA-DR3 was the first Graves disease susceptibility gene to be identified, with an odds ratio of 2-3 (102) . More recently, we have shown that the presence of arginine at position 74 of the HLA-DR β1 chain confers most of this susceptibility (102) . CTLA-4 is an important costimulatory molecule that participates in the interaction between T cells and APCs (103) and serves mainly to downregulate T cell activation by APCs. The CTLA4 gene has been shown to be weakly and functionally associated with several autoimmune diseases including Graves disease (104) (105) (106) (107) (108) (109) . Another general autoimmunity gene that was recently identified is protein tyrosine phosphatase non-receptor type 22 (PTPN22). The PTPN22 gene was originally found to be associated with rheumatoid arthritis (110) and was later found to be associated with systemic lupus erythematosus, type 1 diabetes, and Graves disease, with an odds ratio of 1.9 (111) (112) (113) . Another costimulatory molecule that was recently found to be associated with Graves disease is CD40 (114, 115) ; however, some investigators have been unable to show this association (116) . In addition to these immune response-related genes, we (117) and others (118) have recently shown that the gene encoding Tg is a major gene involved in TSHR-related autoimmunity. Amino acid substitutions in this gene predisposed individuals to Graves disease and autoimmune thyroiditis (117) . Most likely, these susceptibility genes interact and influence disease phenotype and severity. For example, we have reported a marked synergistic increase in the risk ratio for individuals carrying a specific HLA-DR3/Tg haplotype (117) .
Environmental susceptibility. While the significantly higher concordance rate for Graves disease in monozygotic twins points to a strong genetic susceptibility, the fact that the concordance rate in monozygotic twins was in fact only approximately 30% rather than 90% may point to significant environmental influences (99, 119) . The most important nongenetic potential risk factors contributing to the etiology of AITD, including TSHR autoimmunity, are thought to be dietary iodine intake (95, 120) , smoking (121, 122) , stress (123, 124) , pregnancy, exposure to radiation, and infection (119, 124, 125) . All of these suggest environmental triggers; however, their association with AITD requires further investigation and validation.
The TSHR as an autoantigen Graves disease, T cells, and the discovery of TSHR autoimmunity. Although a restricted set of T cells reacts to TSHR antigen in patients with
TSHR autoimmunity (S1, S2), the fact that a stimulating antibody to the TSHR is the primary cause of the hyperthyroidism has tended to dominate research on this disease. The presence of long-acting thyroid stimulator in the sera of patients with hyperthyroid Graves disease was discovered almost 50 years ago (S3). Patient sera stimulated radioiodine release from prelabeled guinea pig thyroid for a much longer time period than did a pituitary TSH preparation. This prolonged stimulating activity was then found to reside in the IgG fraction of serum from many patients with Graves disease (S4). With the availability of biologically active radiolabeled TSH, it became possible to probe thyroid membranes for the TSHR; the Graves IgG was shown to compete with TSH for receptor occupancy (S5) and contained TSHR antibodies acting as TSH agonists. Autoantibodies that bind to the TSHR and initiate a second signal are TSHR-stimulating, while those that only bind may be TSHR-blocking or TSHR-neutral ( Figure 6 ). The original, and brave, self-infusion of plasma from patients with Graves disease by Adams and colleagues and the resulting thyroid stimulation (S6) was the absolute confirmation of the role of TSHR antibody in the induction of human hyperthyroidism and was one of the first demonstrations of antibody transfer causing autoimmune disease.
Animal models of TSHR autoimmunity. Initial attempts to generate a Graves disease animal model used recombinant human TSHR ectodomain protein from prokaryotic and eukaryotic cell expression systems (S7, S8). The resulting TSHR antibodies blocked the action of TSH on the TSHR (S9, S10). The Shimojo mouse model of Graves disease (S11, S12) was the first system for generating hyperthyroid mice. Fibroblasts expressing both the TSHR and MHC class II antigens were injected intraperitoneally into syngeneic mice, which resulted in thyroid hypertrophy and the presence of TSHR-stimulating antibodies in the serum. The first 260 aa of the TSHR ectodomain, chimeric with the C-terminal ectodomain of the LH receptor, were essential to induce the production of TSHR antibodies (S13), which indicated that TSHR antibodybinding sites existed in the LRR-containing domain (22) . This approach also revealed the necessity of immunizing with the intact conformation of the TSHR ectodomain in order to induce TSHRstimulating antibodies and was later confirmed utilizing TSHRexpressing plasmid and viral vectors (S14- S16). Similarly, the first approximately 289 aa residues of the TSHR α subunit, expressed by an adenovirus vector, induced Graves hyperthyroidism more frequently than did a noncleaving receptor (S17).
TSHR-stimulating antibodies. TSHR antibodies are usually of the IgG 1 subclass, which has been suggested as evidence of their oligoclonality (S18). At least in animal models of immunization-induced Graves disease, the role of the Th1 immune response may be primary in directing the formation of TSHR antibodies (S19). The confor-
Figure 5
Gestational thyrotoxicosis. Shown here is the inverse relationship between serum hCG and TSH levels in early pregnancy. The level of TSH falls as thyroid function increases. Simultaneously, hCG levels increase. Adapted with permission from The Journal of Clinical Endocrinology and Metabolism (87) . Infection   Trauma   Stress   Iodine intake   Irradiation  Internal factors Thyroid autoantibodies Sex steroids Pregnancy Fetal microchimerism Increased genetic susceptibility HLA class II genes with an arginine at position 74 CTLA4 CD40 Tg Unknown genes on a variety of confirmed loci mational binding site of TSHR-stimulating monoclonal antibodies generated from human (S20), hamster (S21), and mouse (S22) is shared and on the TSHR α subunit (approximately 316 aa) (designated as Epitope A on the α/A subunit) ( Figure 6A ) (S23). Recently, Costagliola et al. have localized the conformational binding site of 1 mouse monoclonal stimulating antibody specific to the TSHR as the N-terminal region of the LRRs in the ectodomain (S24), and this is likely to be the major stimulatory epitope (Figures 2B and 6A ). Of additional importance is an observation that shed α subunits preferentially recognize TSHR antibodies compared with intact membrane-bound receptor (S25), which indicates easier access to the epitope. Hence, shed TSHR α subunits have the potential to act as a systemic antigenic stimulus and may contribute to the breakdown of TSHR tolerance in susceptible individuals (S17, S26). However, such fragments may also have the potential to act as "decoys" to divert stimulating antibodies away from the intact TSHR. TSHR-blocking antibodies. This class of antibody is able to induce hypothyroidism by blocking the thyrotropic action of TSH. Both TSHR-blocking and -stimulating antibodies are seen in patients with Graves disease and in animal models. In addition, TSHRblocking antibodies can also be seen in individuals with atrophic Hashimoto disease (S27). In Graves disease, blocking antibodies may play a role in the fluctuation of thyroid function and may contribute to the poor correlation between thyroid function and serum titers of TSHR autoantibodies (S28-S30). During the course of treatment of patients with Graves disease, TSHR-blocking antibodies may become the more prevalent antibody, thus contributing to the development of hypothyroidism (S31). Cases of transient congenital hypothyroidism have been well documented as secondary to placental transfer of maternal TSHR-blocking antibodies (67, S32) . It has also been shown that TSHR antibodies from Graves disease patients and atrophic Hashimoto thyroiditis patients can compete for binding to the N terminus of the TSHR β subunit (S33). Recently, a human TSHR-stimulating mAb has been isolated and also found to compete with TSHR autoantibodies in both Graves disease and atrophic Hashimoto thyroiditis (S20). These studies indicate that the binding site for TSHR-stimulating mAbs (designated as Epitope A on the TSHR) is also similar to that of some TSHR blocking antibodies ( Figure 6 ) (S34) and that routine binding competition assays cannot, therefore, distinguish between stimulating and blocking varieties of TSHR antibodies. However, the majority of TSHR-blocking antibodies do not compete with TSHR-stimulating antibodies and bind to an area we have designated as Epitope B (Figure 6 ).
Potential factors causing susceptibility to TSHR autoimmunity

External factors
TSHR-neutral autoantibodies. The neutral TSHR antibodies, by definition, do not affect TSH binding to the TSHR and bind to a site
Figure 6
A hypothetical model simplified to explain the effect of structural changes in the TSH-binding site by diverse TSHR antibodies. The TSH-binding pocket, represented by the LRRs, is shown by spirals representing the α helix and the β pleated sheets represented by the wide red arrows. The gray region represents the unique cleaved region (316-366 aa) of the receptor. (A) Epitope A1 represents the site where thyroid-stimulating antibodies bind in part to the LRRs, bringing about a structural change in the receptor that leads to signal transduction; Epitope A2 represents a similar competing site, where TSH-blocking antibodies bind (both illustrated as a best fit). (B) Epitope B is the least common site, where TSHRblocking antibodies may bind but do not compete with antibodies binding to Epitope A. They bind in part to the LRR region but do not bring about the required structural change for signal transduction yet are still able to hinder TSH binding to this site (illustrated as a good fit). (C) Epitope C is where neutral antibodies bind to the cleaved region and/or the N terminus of the TSHR ectodomain, bringing no appropriate structural alteration to the TSHR and thus leaving the LRR region free for TSH, and other TSHR antibodies, to bind. Thus, neutral antibodies result in no signal transduction and do not block TSH binding (illustrated as no fit).
designated as Epitope C ( Figure 6 ). Their presence was first clearly reported in a patient with Graves disease and monoclonal gammopathy (S35). Results of studies using affinity-purified TSHR have suggested that normal control sera may also contain IgG that binds the TSHR and lacks stimulating or blocking activity and may represent a natural TSHR antibody (S36). In the animal models of Graves disease (S11, S14-S16), the major linear epitopes (small binding regions of aa not influenced by the conformation of the receptor), which were recognized by neutral TSHR antibodies, were mainly the approximately 20 N-terminal aa and/or the TSHR cleaved region (S37) (Figures 1 and 2) . Neither of these epitopes appear to be critical for TSH binding to the TSHR (i.e., they are outside the TSH binding pocket; see ref. 24) . The clinical or pathophysiological relevance of neutral TSHR antibodies remains unclear. Our recent data, however, indicate that they are capable of inhibiting TSHR cleavage and as a consequence prolong the half-life of the TSHR (S38).
Detecting TSHR antibodies. TSHR antibodies in the serum of patients with AITD are most commonly measured by receptor protein-binding assays in which labeled TSH is competed with monoclonal TSHR antibodies for binding to target TSHRs. TSH competition assays (112, S39) compete TSHR antibodies with radioiodine-labeled bovine TSH binding to solubilized porcine TSHRs and are available in most commercial clinical laboratories. Hence, the levels of TSHR antibodies can be routinely determined in patients with Graves disease as a measure of disease activity. However, the biological activity of stimulating antibodies must still be measured in a thyroid cell or another mammalian cell with transfected TSHRs in order to detect cAMP generated in response to TSHR antibody stimulation via the TSHR. Levels of TSHRblocking antibodies can be measured in a similar way by detecting a reduction in TSH-mediated cAMP-generated response. When the patient is hyperthyroid, there is no need for a bioassay to determine the stimulating or blocking activity of the TSHR antibodies present, since the patient serves as the "bioassay" (S40). As discussed earlier, there are also autoantibodies specific to the TSHR that do not compete for TSH binding and, therefore, are not detectable in the current clinical assays (the neutral antibodies).
The new generations of clinical assays for TSHR antibodies. The original 1974 protein-binding assay for TSHR antibodies used a crude thyroid membrane preparation with a crude Ig fraction of the patients serum but was considerably nonspecific (S41). The first generation of commercial assays, introduced in 1982, used detergent-solubilized porcine TSHRs, with greatly improved specificity compared with that seen in the earlier experimental systems (S42). These were liquid-phase assays in which polyethylene glycol (PEG) was used to separate bound and free, labeled TSH. Similar results were obtained with recombinant human TSHRs and porcine TSHRs, in keeping with the similar sequences of the human and porcine TSHR regions thought to be important for TSHR antibody binding (S43). The second generation of assays was developed in the late 1990s. With the availability of mAbs to the TSHR, it was possible to use solid-phase assays with the TSHR immobilized on plastic tubes (S44) or plates (S45). These serum systems were significantly more sensitive than the PEG-based assays and, when standardized appropriately, yielded results consistent with those of many different commercial assays. Although TSHR antibody assays based on the use of labeled IgG from Graves disease patients were described many years ago (S46), a third generation of apparently more sensitive assays for TSHR antibody detection has been developed only recently (S39). These assays followed the isolation of thyroid-stimulating mAbs to the TSHR. Such solidphase systems use competition for labeled monoclonal TSHRstimulating mAb binding to immobilized TSHRs and appear to be more stable than assays employing labeled TSH. Using these newer techniques, many investigators have found that more than 95% of untreated patients with Graves disease have detectable TSHR antibodies at the time of diagnosis.
The clinical utility of TSHR antibody measurement TSHR antibody measurements serve as a marker for TSHR autoimmunity, particularly in Graves disease. The putative clinical indications for the measurement of TSHR antibodies are summarized in Possible clinical indications for TSHR antibody assessment.
Changes in TSHR antibody levels with administration of antithyroid drugs. TSHR antibody levels fall after treatment of patients with antithyroid drugs. However, the majority of patients with hyperthyroid Graves disease relapse after stopping a 12-month course of antithyroid drugs, with the actual percentage varying among populations and with their levels of iodine intake (40-70%) (S47). The fall in TSHR antibody levels with antithyroid drug treatment was most clearly demonstrated in a study on patients with Hashimoto thyroiditis (S5). This effect is secondary to a combination of their mild immunosuppressive action and their induction of a decrease in thyroid antigen expression (S48-S50). The measurement of TSHR antibodies in patients with Graves disease has proven to be a useful predictor of relapse and remission after antithyroid drug treatment only if the levels of TSHR antibody remain high (S40, S47, S50, S51). Unfortunately, many studies of the efficacy of using TSHR antibody levels to predict relapse and remission of Graves disease have used TSHR antibody assays of dubious sensitivity, precision, and specificity (S52). Recent improvements in TSHR antibody assays with the introduction of solid-phase systems described above (S39, S44, S45, S53) should improve the accuracy of relapse prediction and treatment evaluation in patients with Graves disease. Potential factors interfering with the action of TSHR antibodies. There are a number of potential reasons why measurement of TSHR antibodies may be unreliable in the prediction of thyrotoxic recurrence after antithyroid drug administration in addition to problems with the assay (S40). These include: (a) low antibody quantity (S54); (b) variable antibody affinity; and (c) reduced thyroid function, for example, secondary to concurrent thyroiditis or iodine deficiency. Hence, a negative TSHR antibody assay result is of little help to the clinician. The loss of previously detectable TSHR antibodies indicates that the immune system may have become more tolerant, but such patients may still have a high recurrence rate after discontinuing antithyroid drugs because the TSHR antibodies were undetectable.
Possible clinical indications for TSHR antibody assessment
Changes in TSHR antibody levels after surgery and radioiodine treatment. TSHR antibody levels also fall after removal or ablation of the thyroid gland. Since the TSHR is expressed in a variety of extrathyroidal tissues, this effect cannot be secondary to removal of the antigen. More likely, the release of a large quantity of antigen at the time of surgery may induce widespread apoptosis of thyroidspecific T cells and B cells, while radioiodine may be cytotoxic to intrathyroidal immune cells as well as thyroid cells. However, after radioiodine ablation of the thyroid, there is first a marked, but transient, increase in TSHR antibody levels, possibly due to the radiosensitivity of regulatory T cells, before the long-term decrease in levels is seen (S47, S55). This transient phenomenon has been implicated in the deterioration of Graves ophthalmic eye disease after radioiodine administration (S56, S57).
The role of the TSHR in the extrathyroidal manifestations of Graves disease. As discussed earlier (Table 2) , the TSHR is expressed in a wide variety of tissues (1) including the thymus, where it normally allows deletion of TSHR-specific T cells (S58). However, the TSHR is also considered a major antigen leading to the manifestation of extrathyroidal diseases including Graves ophthalmopathy and pretibial myxedema (S59, S60). There is highly suggestive evidence that links the TSHR as a shared thyroidal, retrobulbar, and dermal antigen in patients with Graves disease. For example, TSHR expression in retro-orbital fibroblasts is exacerbated in patients with ophthalmopathy (S59, S61).
Conclusions
Diseases of the thyroid are common, and the TSHR is associated with a great many of these disorders. The TSHR undergoes complex posttranslational processing, which results in a unique structure of 2 covalently linked subunits in its ectodomain. This structure appears to provide inherent instability, since point mutations, mostly in the transmembrane regions, confer constitutive overactivity or underactivity indicative of the conformational changes that ensue. Similarly, the TSHR is highly susceptible to specificity crossover by other glycoprotein hormones such as hCG, which suggests that the receptor can be easily switched from a closed to an open state. The TSHR-stimulating antibodies of Graves disease are similarly dependent on the correct conformation of the TSH and have no interaction with nonglycosylated or reduced receptor, while shed TSHR ectodomains may act as immune stimulants or antibody decoys. Hence, unique posttranslational processing appears to explain the propensity of the TSHRs to be involved in human disease.
